We devise a new detection technique for mid-infrared multi-heterodyne spectroscopy. As an experimental implementation, mid-infrared light interrogates a gas sample in the 3-µm region of the fundamental CH, OH, NH stretch in molecules and detection is performed in the near-infrared telecommunication region. Spectra showing 18000 resolved comb lines of 100-MHz spacing are recorded at a sensitivity close to the shot-noise limit. The demonstration adds to the unique advantages of dual-comb spectroscopy, such as potential very high resolution, negligible instrumental line width, and direct calibration of the frequency scale with an atomic clock. We also show that direct mid-infrared detection with a differential photo-detector module is beneficial in the limit of low mid-infrared average power.
Therefore, numerous implementations in imaging, in spectroscopy and in frequency metrology rely on upconversion [1] [2] [3] [4] [5] : the mid-infrared light interrogates the sample and is converted to the near-infrared or visible spectral range for detection. The recent technique of dual-comb spectroscopy currently attracts significant interest [6] , for it enables a distinctive combination of features: it interrogates broad spectral bandwidths with a single photo-detector, providing a high consistency -characteristic of multiplex spectroscopic techniques-and the potential ability to be implemented in any spectral region, from sub-millimeter waves to the extreme ultraviolet. The frequency scale of the spectra can be calibrated to an atomic clock and the signature of the instrument -the instrumental line-shape-can be neglected for transitions of small molecules at Doppler-broadened roomtemperature conditions. Concurrently to the advance of mid-infrared frequency comb technology [7] , the development of dual-comb spectroscopy in the mid-infrared spectral range has been reported in several publications with fully-stabilized frequency comb generators [8] [9] [10] or with simpler systems [11] [12] [13] [14] [15] [16] [17] , that do not leverage all the potential advantages of dual-comb spectroscopy. Reaching the highest possible sensitivities would increase the applicability of mid-infrared dual-comb spectroscopy. Upconversion techniques have already been explored with electro-optic sampling in the THz [18, 19] and deep midinfrared [20] regions, although the possible sensitivity increase has not been quantified yet. Here, we propose a new scheme of upconversion dual-comb spectroscopy. We experimentally demonstrate the concept in a configuration based on difference frequency generation of a femtosecond oscillator and a continuous-wave laser, although our general scheme could be advantageously applied with frequency comb generators that do not emit ultra-short pulses, such as quantum cascade lasers. Our dual-comb set-up for upconversion mid-infrared spectroscopy is sketched in Fig. 1a . A self-referenced amplified erbium-doped fiber frequency comb synthesizer (called master comb generator) emits pulses at a repetition frequency of frep=100 MHz. The repetition frequency and the carrier-envelope offset frequency of the master comb are stabilized against the radio-frequency signal of an active hydrogen maser, which also serves to synchronize all electronics in the experiment. The width of the optical lines of the master comb are less than 100 kHz at 1-minute averaging. One output beam of the master comb oscillator, with a span of more than 20 THz and a center frequency of 190 THz, is used for spectroscopy. It is converted to the mid-infrared 92-THz (3.3-µm) region by difference frequency generation in a 20-mm-long periodically poled lithium niobate (PPLN) crystal. The pump beam for difference frequency generation is delivered by a 281.8-THz continuous-wave laser with a narrow line-width (<50 kHz). The pump laser is phase-locked to one line of the comb. An average power of 250 mW of the master comb oscillator is combined to 4 W of the pump laser. An idler spectrum comprising 18000 comb lines and spanning about 1.8 THz is generated. The center frequency can be tuned between 88 and 102 THz. The span is limited by the phase matching conditions in the PPLN crystal. Tuning of the center frequency is achieved by changes of temperature and poling-period. Due to the uneven spectral radiance of the near-infrared comb, the midinfrared beam has an average power varying between 230 µW at a center frequency of 90.5 THz to 700 µW at a center frequency of 92.6 THz. In the frequency range 600 kHz -10 MHz, the experimentally measured relative intensity noise of the mid-infrared comb is constant and equal to -144 dBc·Hz -1 . The mid-infrared beam passes through a cell of a length of 2 cm and of a pressure of 400 Pa of methane in natural abundance. The mid-infrared comb is then converted back to the telecommunication region using difference frequency generation with a beam of the same continuous-wave laser, at an average power of 2.4 W, and a second 20-mm-long PPLN crystal. Using the same continuous-wave laser for down-and upconversion re-maps the comb lines at their initial frequency and facilitates the heterodyning with a second comb. The continuous-wave laser also greatly simplifies the implementation, as the temporal overlap with the mid-infrared pulses does not require any active or passive stabilization scheme. The near-infrared upconverted comb has an average power of 400 nW when the mid-infrared center frequency is 90.5 THz, and of 1.3 µW when converted from 92.6 THz. At 92.6 THz, the relative intensity noise of the near-infrared upconverted comb is -142.5 dBc·Hz -1 in the frequency range 600 kHz -10 MHz. The upconverted beam is combined with that of a second erbium comb, called slave comb generator, of slightly different repetition frequency frep+frep with frep=200 Hz. The coherence between the master comb and the slave comb is enforced, before difference frequency generation, by feed-forward control of the relative carrier-envelope offset frequency, as described in [8, 21] . The relative carrier-envelope frequency fceo is set to zero (modulo frep), as this is one of the conditions to produce reproducible interferometric waveforms that enable direct time-domain averaging. In the 3-µm region, the scheme of feed-forward dualcomb spectroscopy has demonstrated efficient direct averaging of the interferograms, without requiring any analog or digital data corrections, over times longer than 30 minutes. The slave comb is spectrally filtered using a pair of gratings so that its bandwidth matches that of the upconverted comb. The optically-filtered slave comb has a relative intensity noise of -149 dBc·Hz -1 in the frequency range 600 kHz -10 MHz. Its beam is attenuated to avoid detector nonlinearities: its average power does not exceed 20 µW onto each InGaAs detector of a balanced differential detection module which subtracts the two outputs of the interferometer. Around a radio-frequency of 4 MHz, the noise equivalent power of the InGaAs balanceddetection module is measured to 0.9 pW·Hz -1/2 . The time-domain interference signal is digitized with a data acquisition board with a sample rate of 100x10 6 samples s -1 . The effective number of bits of the data acquisition board is 12 bits. The radio-frequency comb is mapped into the range of 1-5 MHz. An experimental apodized spectrum ( Fig.2a ) spans 1.8 THz with 18000 resolved comb lines at a center frequency of 92.6 THz. Its measurement time is 1000 seconds: one thousand interferograms, each of a duration of 1 second, are averaged. The averaged interferogram is four-fold zero filled to interpolate the spectrum [22] and it is Fourier transformed. The amplitude of the complex Fourier transform is shown with triangular apodization in Fig 2a, with the frequency scale converted to its mid-infrared values. An unapodized representation of one comb line is displayed in Fig. 2b on a radio-frequency scale. The comb line has a cardinal sine shape, which is the expected instrument signature. As the measurement time is finite, the interferogram is multiplied by a boxcar function, and in the spectrum, each comb line is convolved by a cardinal sine. The full-width at half-maximum of the comb lines is 1.2 Hz in the radio-frequency domain, which corresponds exactly to the Fourier transform limit [22] . The shape of the comb lines illustrates the efficiency of our time-domain averaging technique, which also confirmed by the fact that the signal-tonoise ratio in the spectrum evolves with the square-root of the averaging time. Resolving the comb lines is useful for assessing subtle instrumental artifacts. Because, in addition, the optical lines of the interrogating comb are narrow and with accurate positions, the spectrometer has a high frequency accuracy and an instrumental line-shape that can be neglected for the measurement of Doppler profiles. Once the instrument is characterized though, computing radio-frequency spectra that are exactly sampled at the comb line positions, of spacing frep, is equivalent and sufficient. Four such experimental dual-comb spectra, at an optical resolution equal to the comb line spacing frep=100 MHz, are shown ( Fig.2c ) in the region of the Q-branch and the R-branch of the ν3 band of methane 12 CH4. The spectra, centered at 90.3 THz, 91.2 THz, 92.6 THz (Fig.2d,2e ), and 93.6 THz, respectively, are recorded within 1000 s each. The signal-to-noise ratio (defined as the ratio of the signal to the standard-deviation of the fluctuations of the baseline) in the spectrum centered at 90.3 THz (also in Fig.3a ) culminates at 8200. The average signal-tonoise ratio across a 1.5-THz span (defined as the spectral range for which the signal-to-noise ratio is higher than 100), from 89.8 THz to 91.3 THz, is 2540. The figure-of-merit, defined as the product of the average signal-to-noise in unit measurement time times the number of spectral elements, is 1.2×10 6 Hz 1/2 . The experimental figure-of-merit is 1.4 times above the shot-noise-limited figure-of-merit. The relative intensity noise of the upconverted comb and the detector noise are the main other contributors, whereas the relative intensity noise of the slave comb and the digitization noise are negligible. For the calculation of the different contribution to the noise, we use the formalism initially developed in [24] and adapted in [25] to dual-comb spectroscopy. The signal-to-noise ratio in the transmittance spectrum centered at 92.6 THz culminates at 12400 around 92.54 THz (Fig.2d) . The average signal-to-noise ratio across a 1.8-THz span (91.7-93.5 THz) is 4000, which leads to a figure of merit of 2.3×10 6 Hz 1/2 . Here the experimental figure-of-merit is 1.8 times above the shot-noise limit and the main contributions to the noise figure are the shot noise followed by the relative intensity noise of the upconverted comb. Fig. 2d also displays a portion of the dispersion (phase) spectrum.
Owing to the high signal-to-noise ratio in the transmittance and phase spectra, the transitions in the 13 CH4 isotopologue [23] , of a natural abundance of 1.1%, are clearly measurable, even when they are in the wings of strong dispersive lines in the phase spectrum ( Fig.2e ). Our experimental figures-of-merit are higher than those of reports [8, 9, 20] of fiber-laser-based midinfrared high-resolution dual-comb spectroscopy in conditions where the detector nonlinearities are controlled. For the highest power of the upconverted comb (1.3 µW when converted from 92.6 THz), it is similar to what was obtained [12] over a narrow spectral bandwidth (1800 comb lines spanning 207 GHz) with electro-optic modulators and detection in the mid-infrared. For a quantitative comparison, experiments with direct mid-infrared detection are performed (Fig.1b) . The master comb and the slave comb are both converted to the 3-µm region using 20-mm-long PPLN crystals, exactly as the master comb was in the upconversion set-up of Fig. 1a . The settings of difference in repetition frequencies frep and in carrier-envelope offset frequencies fceo are kept identical as those with the upconversion detection. The optical spectra are mapped in the same 1-5 MHz radio-frequency range. The span and the power of the idler beams are the same as those of the master idler beam in the upconversion experiment reported above. The master comb idler interrogates the gas cell. The idler beams from the master comb and from the slave comb are combined on a 50/50 beam splitter. When we detect one output of the interferometer with the same single HgCdTe detector as in our previous publication [8] , we obtain the same figure-of-merit of 1.1×10 6 Hz 1/2 as in [8] when the spectral span was broader (80000 comb lines spaced by 100MHz instead of 18000 modes here), showing that the metric is a relevant quality factor. Next we implement a differential detection of the two output ports of the interferometer (Fig.1b) . Two identical thermoelectrically-cooled HgCdTe detectors collect the optical signals. To avoid nonlinearities, the total power onto each HgCdTe detector is attenuated to 30 µW (15 µW from each comb). Each detector is amplified with a trans-impedance amplifier and the two amplified outputs are subtracted using a differential amplifier. The 3-dB frequency bandwidth of the entire HgCdTe differential-detection module is 40 MHz and its common-mode rejection ratio in the frequency range 0-10 MHz is 43 dB. The noise equivalent power of the detection module is 9 pW·Hz -1/2 , an order of magnitude larger than that of the InGaAs balanced detector. Figure 3 provides a comparison of two spectra, one (Fig.3a ) measured with the upconversion scheme of Fig. 1a and already described above, one (Fig.3b ) with direct mid-infrared differential detection (sketched in Fig.1b) The signal-to-noise ratio of the spectrum recorded with the mid-infrared balanced detection in Fig. 3b exceeds 13300 at around 90.3 THz, with an average signal-to-noise ratio of 4120 over the span of 2.2 THz (from 89.7 THz to 91.9 THz) at a total measurement time of 1000 seconds. The corresponding experimental figure-of-merit is 2.9×10 6 Hz 1/2 . The strongly dominant contribution to the figure-of-merit is the detector noise. These results represent, to our knowledge, the highest signal-to-noise ratio and figureof-merit for self-referenced mid-infrared dual-comb spectroscopy in conditions where the detector nonlinearities are circumvented. The intensity of the spectral envelope with direct mid-infrared detection (Fig. 3b ) decreases more quickly than that with upconverted near-infrared detection (Fig.3a) because the two mid-infrared combs have the same bell-shaped envelope whereas the near-infrared local oscillator is rather flat-top. Even in this unfavorable situation, the figure-of-merit is higher with mid-infrared differential detection than with upconverted near-infrared detection. The figure-of-merit is constant over the tunability range of the idler combs. Figure 4 shows expanded portions of the transmittance spectra of Fig.3 with flattened baseline in the region of the Q-branch of the 3 band of 12 CH4. It illustrates the high signal-tonoise ratio in both configurations as well as the good agreement between the two spectra. Our upconversion mid-infrared spectrometer demonstrates an attractive signal-to-noise ratio, close to shotnoise-limited detection. The scheme has the advantage not to require ultrashort pulses and therefore it could be used with various types of frequency comb generators including quantum cascade lasers or electro-optic modulators. With ultra-short pulse lasers, higher conversion powers could be obtained by strongly chirping the pulses so to maximize the temporal overlap with the continuous-wave laser Future work includes an assessment deeper in the mid-infrared region (8-12µm) , where the detectors are less sensitive. Furthermore, in particular circumstances of a very low mid-infrared average power, a mid-infrared differential detector brings an unparalleled sensitivity and provides a straightforward mean of improving the signal-to-noise ratio in mid-infrared dual-comb spectroscopy. All these developments are shown to be entirely compatible with the important features of feed-forward dual-comb spectroscopy [8, 21] : direct time-domain averaging of the interferograms without digital corrections, high resolution, high accuracy, narrow instrumental lineshape. They will be part of new strategies for precision mid-infrared spectroscopy.
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